Author's Summary

IMMUNOEXCITOTOXICITY AS A CENTRAL MECHANISM IN PARKINSON'S NEURODEGENERATION: AN OVERVIEW
There is growing evidence that inflammation and excitotoxicity both play a central role in Parkinson's disease, in particular the progressive aspect of neurodegeneration associated with the disorder. While the issue is not completely settled, it appears that alpha-synuclein may be playing a secondary role in this disorder rather than being the central pathological event. Several recent studies have shown there is no direct correlation between Lewy body density and clinical symptoms of Parkinsonism or with disease duration. Experimental studies using transgenic mice have likewise shown the presence of abundant alpha-synuclein in the brain accompanied by no evidence of neurodegeneration.
Among the various animal models used to study this enigmatic disorder, i.e. neurotoxic and immunological models, it is the immunological models that most closely resemble human cases of Parkinson's disease, especially its slow appearance and gradual progression with acceleration of degeneration over time.
Numerous studies, both in human cases and among animal models, demonstrate strong evidence of inflammation within the affected areas of the brain and within the cerebrospinal fluid. McGeer, almost 30 years ago, found extensive microglial activation within and around the substantia nigra in autopsied cases of Parkinson's disease. Several studies suggest that microglial activation appears to be a very early event in Parkinson's cases, and is present in the all the animal models as well, including the neurotoxic models.
The questions that most need answering is what is activating the striatal microglia and why do they remain activated for such long periods? Over the years, a multitude of factors have been associated with an increased risk of Parkinson's disease, such as exposure to certain pesticides/herbicides and fungicides, accumulation in the following paper how immunoexcitotoxicity plays a key role in the development of Parkinson's syndrome and the disease process.
Dr. Blaylock has pioneered new concepts from which others have shied away because of controversy as a new idea. He has also written a two-part series for SNI on the immunology of a neurosurgeon. [2, 3] He writes a monthly newsletter called the Blaylock Wellness Report, which is commercially available, and discusses the value of neutaceuticals, naturally occurring substances, which have a profound effect on health and wellness. These are also pioneering, scientifically-detailed publications. Now, there is a much larger group of physicians who are exploring the value of these molecular supplements in combating major diseases.
His most recent paper deals with the pathophysiology of Parkinson's disease and the key role that immuneexcitotoxicity plays in the development of this disease over time. This concept can be extended to other neurodegenerative diseases. His paper is a major tour de force and may take some time to read, but its scientific logic is incredibly well-documented and all fits into a plausible explanation for this disease. What he has written will be a landmark paper for the 21 st century about Parkinson's disease and will lead to treatments and cures of the problem. As I have written, the immune system in disease will become a major new area of medical science in the 21 st century and will explain many of the diseases whose causes have eluded us. I have asked him to write a summary of the paper as an introduction for the reader who would like to know the basics of what he has found. Following that summary is his major paper on the subject.
We hope that you enjoy it. We are proud to bring this masterwork in science to the attention of our readers. Please share it with your neurologist friends and others who would be interested in this concept. You could even have a group take sections of this paper and discuss them, as the learning experience for immunology and the central nervous system will provide a basis for understanding many diseases, for which the causes are still unknown.
of environmental aluminum, repeated head injury, aging, exposure to high levels of manganese, exposure to high levels of polychlorinated biphenyls (PCBs) and trichloroethylene (TCE), and a genetic influence is suspected as well, one that interacts with environmental pollutants.
In a majority of such cases, one sees chronic activation of brain microglia. While such associations have gained significant attention, a more common set of conditions may be at play. It is known that most cases of Parkinson's disease are preceded by many years with chronic digestive tract problems, such as drooling, difficulty swallowing, poor gastric emptying, abdominal distention, and in a great number of cases, chronic constipation. As regards to the proposed etiology, i.e. systemic immune activation, it is interesting to note that 85% of the examined cases of Parkinson's disease were found to have dysfunctional olfaction.
Associated with these gastrointestinal-related problems, one sees the appearance of Lewy bodies and Lewy neurites in the autonomic ganglion, the vagus nerve, brainstem nuclei, and spinal cord. Simultaneously, similar Lewy bodies and Lewy neurites appear in the olfactory tract and nuclei. Based on several autopsy studies, the pathological process appears to ascend from the wall of the gastrointestinal tract and progresses along the vagus nerve and other autonomics, where the process invades brainstem nuclei and subsequently the striatum, and finally, the rest of the brain. From the olfactory tract and nuclei, one observes similar ascension of the neurodegenerative process into deeper brain structures.
Some have proposed that it is by this mechanism that the mutated alpha-synuclein enters the brain and eventually affects the neurons of the substantia nigra par compacta, i.e., by traveling along a transneural pathway. While such passage of mutated alpha-synuclein between neurons has been demonstrated experimentally, it remains to be demonstrated in human cases of Parkinson's disease.
A more likely scenario would be priming/activation of brainstem microglia via stimulation of vagal afferents by an inflamed gut or in relation to other systemic immune activation. Priming could occur from episodes of systemic immune stimulation, such as with recurrent viral or bacterial infections, or from intracranial events, such as head trauma, cerebral infections (even occult infections), accumulation of toxic metals in the brain, or exposure to agricultural chemicals that are known to affect the central nervous system (CNS).
It is known that primed microglia undergo upregulation of their immune cytokine and chemokine generation, however, without release of these elements. That is, the primed microglia are placed on high alert. A subsequent stimulus will further activate these primed microglia, triggering a much more intense immune reaction than normally occurs with microglial activation-a sort of hyperreaction. Not only do we see a massive release of proinflammatory immune elements but also several excitotoxic elements, such as glutamate, aspartate, and quinolinic acid.
It appears that the source of the immune activation of the primed microglia is some form of systemic immune response. It has been shown that when brain microglia are primed, subsequent systemic immune activation will trigger neurodegeneration with the brain, which can be prolonged and intense. In this discussion, I have focused on two sites of systemic inflammation-olfactory and gastrointestinal.
Considerable evidence has shown that there is a crosstalk between the proinflammatory pathways within affected neurons and excitotoxic receptors. The effect of this crosstalk is an increased intensity of the neurodestructive process. I coined the term immunoexcitotoxicity to describe the process, even though others described the process prior to my giving it a name. What this immunoexcitotoxic process means is that, when the brain is inflamed for any reason, one observes a magnification of excitotoxicity-so much so, that even otherwise normal concentrations of extracellular glutamate can trigger neurodegeneration.
Of particular interest is the finding that inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-alpha) and IL-1ß, can alter the synaptic insertion of specific types of glutamate receptors and even GABA receptors, which ultimately magnify the excitotoxic process. TNF-alpha, for example, increases the insertion of GluR2-lacking AMPA type glutamate receptors on the synaptic membrane. These receptors, unlike the GluR2-containing AMPA receptors, are calcium permeable-thus making them more potentially neurodestructive. These inflammatory cytokines also alter NMDA-type glutamate receptor synaptic insertion and can simultaneously accelerate the removal of GABA receptors form the synaptic membrane. These series of events push the excitotoxic/GABA balance toward increased excitotoxicity.
In addition, inflammatory cytokines upregulate the enzyme glutamatase, which increases the generation of glutamate within microglia and neurons. Proinflammatory cytokines also inhibit glutamate transport proteins (excitatory amino acid transporters or EAATs), thus elevating the level of extracellular glutamate.
One of the early observations in Parkinson's disease was the presence of mitochondrial dysfunction, especially involving complex I of the electron transport chain. Several studies have shown that suppression of energy production in neurons significantly increases their sensitivity to excitotoxicity-so much so that even normal concentrations of extracellular glutamate can become excitotoxic.
It appears that the central mechanism at play in this disorder is a triggering of priming of microglia within specific brain areas that eventually progress to full microglial activation involving other areas of the brain.
Full microglial activation occurs with systemic immune stimulation. Further, compelling evidence suggest that the main process involved in neurodegeneration is excitotoxicity, with immune-induced inflammatory pathways acting to significantly enhance excitotoxic mechanisms.
PART 1: IMMUNOEXCITOTOXICITY AS A CAUSE OF NEURODEGENERATION IN PARKINSON'S DISEASE INTRODUCTION
A. An outline of immunoexcitotoxicity in neurodegeneration
In this discussion, I will limit myself to idiopathic Parkinson's disease, a progressive neurodegenerative disorder that typically begins around the age of 60 years, with an increased incidence with aging.
a. Triggering event>Immune-induced inflammation by CNS microglia and systemic macrophages >Excitotoxicity>Progressive neurodegeneration
There is considerable evidence that two processes play a major role in the neurodegeneration seen in Parkinson's disease-immune-induced inflammation and excitotoxicity. [2, 5, 49, 143, 157, 228, 244, 253] Over the past 10 years, evidence has accumulated that these two processes are intimately linked and probably never occur independently in the pathological nervous system. In the majority of cases, the source of the inflammation and excitotoxicity is the resident immune cells of the central nervous system (CNS), the microglia, and under certain conditions, invading macrophages [125, 148, 251] [ Figure 1 ].
b. Normal resting microglia>Nurture of neurons, neurites, and synaptic structures
It has been demonstrated that microglia undergo numerous morphological and functional states depending on the microenvironment within the area of the affected brain. [118, 125, 136, 148, 251] Under normal conditions, microglia are in a resting or ramified state, which has been shown to be less of a resting state than a condition in which the microglia sends out a number of probing pseudopods to sample the surrounding microenvironment. [241] While in the resting state, microglia can also release a number of neurotrophic compounds that nourish the surrounding neurons, neurites, and the tripartite synapse (presynaptic membrane, post-synaptic bulb, and an astrocyte). This is particularly important in recovery following microglial activation states in which varying amount of damage is done to surrounding structures that requires repair [ Figure 2 ]. The microglia also release a number of anti-inflammatory cytokines, such as IL-10, TGF-1ß, and IL-4, to counteract inflammation induced by full microglial activation.
c. Neuroprotection by resting microglia >Importance of microglial priming
It is known that microglial activation occurs rapidly (minutes) following a pathological insult and, under specific conditions, can persist for very long periods, even a lifetime. [203] Further, there is an intimate connection between systemic inflammation and activation or priming of central microglia [ Figure 3 ]. [174] Most important is the process of microglial priming, which occurs with low-grade inflammation. [105, 189] It is characterized by an increase in the production of both pro-and anti-inflammatory cytokines, chemokines, and other inflammatory molecules, as well as an increase in the production of glutamate, all of which remain within the microglia. That is, there is no release of these destructive elements from primed microglia, and hence, no damage to the surrounding neuronal or neuritic elements. However, once the microglia become fully activated, there is a hyperreaction with an intense presentation of inflammation and excitotoxicity that exceeds that normally associated with microglial activation. [175] This link between inflammatory mechanisms and glutamate receptors works in both directions, that is, inflammation triggers the release of excess glutamate, and likewise, excess extracellular glutamate can trigger inflammation, making this association a self-propagating pathological process. In both instances, it is the microglia that plays a central role. Not only do we see activation of microglia in the region of insult but also migration of activated microglia to other sites occurs as the process spreads. [162, 246] It is known that microglia are heterogeneously distributed in the nervous system, making some areas of the brain and spinal cord more vulnerable than others. [57, 134] For example, the substantia nigra is known to have one of the highest concentrations of microglia in the brain. [124] Before discussing the immunoexcitotoxic process, I will discuss the evidence for a role of inflammation in Parkinson's disease.
B. INFLAMMATION AND PARKINSON'S DISEASE
a. Triggering event>Inflammation induced full activation of primed microglia>Enhanced release of proinflammatory cytokines/chemokines >Generation of mutated alpha-synuclein and its release into extraneuronal space>Further enhancement of immunoexcitotoxic cascade
McGeer et al., almost 30 years ago, first identified increased microglial activation within the substantia nigra in post-mortem Parkinson's brains. [156] Most now agree that inflammation is central to the initiation and progress of Parkinson's disease as well as a number of other neurodegenerative disorders. [66, 99, 138, 142, 156, 158, 228, 249] Further evidence comes from studies showing elevated levels of IL-1ß in the brain of Parkinson's disease patients and elevated levels of IL-1ß, TNF-α, and IL-6 in the spinal fluid of Parkinson's patients. [28, 163, 164] Some postmortem studies have shown extensive microglial activation within the substantia nigra, putamen, hippocampus, transenterhinal, cingulate, and temporal cortex, while others found profound microglial activation in the SN but not the putamen. [110, 161] Most likely this distribution of microglial activation depends on the stage of the disease when the tissue is examined. It has also been shown that inflammatory cytokines, such as IL-1ß, promote upregulation of alpha-synuclein in neuronal cultures and in vivo, suggesting inflammation as a primary trigger for elevated alpha-synuclein accumulation in Parkinson's disease. [93] b. Alpha-synuclein: Normal and mutated>Form solid oligomers in ECS>Toxic extrcellular aggregates>Activation of microglia; Intracellular mutated alpha-synuclein>Alters function of mitochondria, lipid membranes>Suppresses electron transport chain>Lowers energy function >Neurodegeneration Alpha-synuclein is a 140-amino acid protein that is principally found in neurons, which under physiological conditions are localized primarily within presynaptic terminals. While abundant in the CNS, they are also abundant in erythrocytes and platelets. Within the neuronal soma, alpha-synuclein appears in a much lower concentration. While its function is poorly understood, because alpha-synuclein is found in the area of the synapse, it has been hypothesized that it plays a role in neurotransmitter release to control neuronal firing. [113] Under pathological conditions, alpha-synuclein can undergo numerous mutational changes, such as phosphorylation, oxidation, glycation, and nitrosylation. [150, 222] When mutated, alpha-synuclein can form ß-sheets, much like amyloid, which can then form soluble oligomers. These soluble oligomers can escape the neuron and enter the extracellular space, where they become much more toxic. [74, 207, 222] Over time, these oligomers will aggregate to form insoluble fibrils. It appears that the fibrils are much less toxic than are the oligomers. Mutation of alpha-synuclein occurs in a microenviroment of oxidative and nitrosative stress, most likely induced by inflammation and excitotoxicity (immunoexcitotoxicity). [222] Mutated alpha-synuclein can alter the function of mitochondria, lysosome, and lipid membranes. [4, 107, 222] Within the mitochondria, mutated alpha-synuclein has been shown to suppress complex I of the electron transport chain, which would not only lower energy production but would also increase oxidative stress, both of which, in turn, significantly enhances the neurodegenerative potential of excitotoxicity. [143, 173, 231] In the extracellular space, alpha-synuclein has a high propensity for eliciting immune activation of microglia. [14, 150, 207, 231] There is some evidence that mutated alpha-synuclein can move between neurons and neurites, thus transmitting the formation of oligomers. [4, 74, 207] While this has been proposed and there is some experimental evidence for this transfer, in my opinion the preponderance of evidence suggest that the progression of neurodegeneration seen in Parkinson's is secondary to microglial migration and chronic activation. Reactive microglia are found most often around Lewy bodies and alpha-synuclein aggregations. [150] Activation of toll-like receptor-2 within the substantia nigra has also been described, however, TLR-4 seems to be critical for the inflammatory reaction of microglia. [70, 76] There is growing evidence that microglial activation is occurring before one sees neuronal loss. [99, 222] Neurons, the source of mutated alpha-synuclein, can escape into the extraneuronal space, where it comes into contact with microglia. [4] Roodveldt et al. found that non-aggregated mutant α-synuclein, when found outside the neuron, triggered a robust microglial immune response significantly different from nonmutated wild-type α-syn. [207] The triggered inflammatory reactions include the release of nitric oxide and an array of inflammatory cytokines, such as TNF-α, IL-Iß, IL-6, anti-inflammatory cytokine IL-10, as well as chemokines, RANTES, monocyte chemotactic protein-1 (MCP-1), CXCL-10, and macrophage inflammatory protein-1α. Other inflammatory events are also included, such as increased production of prostaglandins (PGE2), complement cascade proteins, and the humoral adaptive immune system may be involved as well. [205, 231] 
Lipopolysacchride (LPS) injection into the substantia nigra>Alpha-synuclein>Causes an immediate inflammatory reaction with rapid neurodegeneration
Lipopolysacchride, an immune stimulating substance extracted from the cell wall of Escherichia coli, is used experimentally to induce rapid and intense activation of microglia and macrophages. The intensity of the reaction is dose dependent.
There appears to exist a direct link between inflammation and the development of mutated alpha-synuclein. For instance, injection of LPS into the substantia nigra of adult wild-type mice led to widespread alpha-synuclein inclusion pathology with elevated levels of microgliosis in the SN and progressive neurodegeneration of dopaminergic neurons within the substantia nigra. [226] TNF-alpha knockout animals were not protected from neurodegeneration or behavioral parkinsonian behavior following LPS injection systemically, indicating that TNF-alpha was not necessary for dopaminergic (DA) neuron destruction. Interestingly, IL-1 knockout mice maintained normal behavior, indicating that IL-1ß was essential for microglial toxicity towards dopaminergic neurons.
Intraperitoneal injection (IP) of lipopolysacchride activates systemic immune stimulation and a delayed, progressive neurodegeneration of the substantia nigra
In another study, using a single intraperitoneal injection of LPS in mice (systemic immune stimulation), it was shown that delayed and progressive destruction of dopaminergic neurons occurred in the SN over a 10-month period. [199] Also, of interest, it was found in this i.p. study that TNF-α progressively increases in the SN and remained elevated at 10 months, whereas systemic TNF-α levels fell by 9 hours-indicating that the source of the TNF-α was from activated microglia within the striatum and not systemically generated and transferred into the CNS. In this study, TNF-α KO mice did not show neurodegeneration, suggesting that the mechanism for progressive neurodegeneration differs in the two models.
In the systemic immune model, TNF-α receptors were necessary for transfer of the immune signal to the CNS, however in the former direct substantia nigra LPS injection model, because the microglia were being stimulated directly, TNF-α receptors were not essential. IL-1ß is known as a major activator of microglia and was therefore necessary and essential. IL-1ß is elevated by LPS given via systemic injection and rapidly raises CNS IL-1ß levels, thus leading to neurodegeneration by activating microglia. [200] Interestingly, at 2 hours following i.p. injection of the LPS, serum IL-1 was elevated but not brain levels, but at 6 hours, IL-1 was elevated throughout the brain of the animals but was not detected in the serum. This experiment indicates that once the signal was transferred to the CNS, IL-1ß was generated by local cells, primarily microglia, and was not continuously transferred from the serum. Thus, it is accepted that IL-1ß is a major stimulus for microglial activation. [211] Microglia also release IL-1ß, leading to a cycle of self-stimulation. Indeed, activated microglial cells expressing proinflammatory cytokines, such as Il-1ß, TNF-α, IL-6, and INF-y, as well as up-regulation of iNOS have been reported in the substantia nigra of Parkinson's patients at autopsy. [104, 108] The reason for the delay in appearance of CNS neurodegeneration and its persistence is related to the effect of systemic immune activation on microglial priming and eventual full activation, which can persist for very long periods-even decades.
Fur ther evidence for microglial activation and neurodegeneration in patients and animal models of Parkinson's disease: Evidence of the spread of microglial activation during disease progression
Demonstrations of progressive neurodegeneration and microglial activation have best been shown using positron emission tomography (PET) imaging techniques in both human cases of Parkinson's disease as well as in animal models. In one such study, researchers used early stage, drug naïve Parkinson patients scanned using [11C] CFT binding of the dopamine transporter, which when combined with [(11) C](R)-PK11195 demonstrated destructive microglial activation. [181, 182] They found destructive microglial activation only in the midbrain area, which correlated with the loss of dopaminergic terminals in the striatum. As the disease progressed, they witnessed spreading of the microglial activation over the entire brain along with progressive destruction of dopaminergic terminals. This strongly suggests that the source of dopaminergic neuron loss was the activated microglia, which always preceded the neuronal destruction. Progression of microglial activation preceding or paralleling neurodegeneration as the disease advances has also been demonstrated using microglial activation scanning with the more accurate tracer [11C] DPA713. [230] A significant increase in microglial activation was seen in the occipital, temporal, and parietal cortex in Parkinson patients. One year later, there was a significant increase in microglial activation in the occipital and temporal areas. Another PET study of more advanced patients with a related disorder, supranuclear palsy, found microglial activation concentrated in the pons, basal ganglion, frontal, and temporal cortical regions. [85] D. PET microglial scanning and glucose utilization in Alzheimer's, Parkinson's, cognitively impaired, and control patients Another interesting study using human partcipants, which included 10 Alzheimer's patients, 10 patients with mild cognitive impairment; 10 Parkinson diseases dementia patients, and 16 controls, also performed PET scanning for microglial activation as well as glucose utilization. [75] There was a significant correlation between microglial activation and reduced glucose metabolism for all the cognitively impaired patients. Levels of microglial activation were inversely related to the results on the Mini-Mental State Examination and neuropsychometric tests, with higher levels of microglial activation associated with poorer results on the mental tests and vice versa. This study demonstrated a direct correlation between neuronal damage, microglial activation, and loss of cognitive abilities. Edison et al. found similar correlations. [73] A second generation imaging tracer, [11C] DPA713, used for microglial activation has been shown to be more accurate in determining microglial activation than the first generation tracer [11C]®PK11195. [257] 
E. Proposed mechanisms for inflammation-linked neurodegeneration: How neuronal cell death occurs
A number of mechanisms have been proposed for inflammation-linked neurodegeneration, including (1) damage by reactive oxygen/reactive nitrogen species (ROS/RNS), (2) damage by proteases, (3) TNF-linked receptor activation of death domains, (4) defects in axonal transport, and (5) mitochondrial dysfunction. [138] Most such hypotheses have at their core destruction of vital cell mechanism by ROS/RNS and lipid peroxidation products, such as 4-hydroxynonenal and acrolein. [11, 115, 138] 4. Alpha-synuclein in the extracellular space>Microglial activation>Inflammation>Gen erate reactive nitrogen and oxygen species>Effect cell components>Effects mitochondrial function; Neurotoxic cytokine TNF-alpha plays major role in neurodegeneration Mutant or nitrated alpha-synuclein in the extracellular space has been shown to elicit immune activation (microglial activation) and trigger inflammation. The release of nitric oxide by upregulating iNOS not only increases the production of powerful radicals but also nitrates alpha-synuclein, thus making the molecule more inflammatory. [4, 101] Toll-like receptor-2 and TLR-4, PAMPS receptors located on microglia, are essential for phagocytosis and removal of alpha-synuclein. [123] TLR-4 is also essential for inflammatory activation of microglia and plays a role in phagocytosis activation. [76] The act of engulfing the mutated alpha-synuclein can activate the microglia, thus initiating a immunoexcitotoxic cascade.
Once activated, inflammatory reactions generate ROS/ RNS, which damage a number of cell components, including membranes, DNA, and mitochondria. An inducible enzyme, NADPH oxidase, primarily generates the superoxide radical, which by itself is a rather weak free radical. NADPH oxidase is primarily found in microglia and can be induced when the microglia are in the proinflammatory phenotype. [39] Superoxide reacts rapidly with nitric oxide to form the powerful radical peroxynitrite, which can nitrate alpha-synuclein. Inflammation-induced upregulation of iNOS and activation of NADPH oxidase thus creates a form of nitrated alpha-synuclein that is significantly more inflammatory than is wild-type alpha-synuclein. [231] Peroxynitrite in its own right is a very powerful radical and a major source of the lipid peroxidation product 4-hydroxynonenal, a very destructive lipid radical. [15] One proposed mechanism by which inflammation induces neurodegeneration is by the effect of free radicals and lipid peroxidation products (LPOs) on mitochondrial function [40, 114, 115, 144] [ Figure 4 ]. The rapidity of neuronal death following short-term exposure to nitric oxide suggest that neither peroxynitrite nor direct energy deficits produced by nitric oxide are responsible for neuronal death seen with inflammation. [9] TNF-α has been proposed as a major neurotoxic cytokine in inflammatory brain disorders, including neurodegenerative diseases. It has not been proven to be directly toxic to neurons.
[100] TNF-α acts through two major receptors, i.e., TNFR1 and TNFR2. TNFR1, when activated is neurotoxic and is found mostly on neurons, whereas TNFR2 is neuroprotective and is found mostly on glia, including microglia. [52, 53] While activation of free radicals and lipid peroxidation products might explain the toxicity of TNF-α to neurons, there are other less direct explanations, which are discussed later. TNF-α is known to induce neuronal death by inducing microglial phagocytosis. [171] 
Immunoexcitotoxicity and Parkinson's disease: Crosstalk between cytokines and glutamate receptors a. What is immunoexcitotoxicity?>Proinflammatory cytokines>TNF-alpha and IL-1B; Role of glutathione in cell death
Excitotoxicity has been demonstrated in numerous human and animal studies of Parkinson's disease. [5, 7, 21, 22, 49, 69, 160, 167, 176, 254] There is a considerable amount of evidence for excitotoxicity in Parkinson's disease brains, but is it a critical player in the process or is the progressive destruction primarily dependent on inflammation? In an article published in 2008, I coined the term immunoexcitotoxicity to call attention to a previously described interrelationship between inflammatory mechanisms and excitotoxicity. [23] Proinflammatory cytokines are known to affect the excitability of specific neurons either directly or indirectly. [159, 240] Indirect activation of excitatory receptors can occur by cytokine-induced release of nitric oxide, prostaglandins, or neurotropins. [3] The two most studied cytokines as regards neuronal excitability include IL-1ß and TNF-α.
In the case of TNF-α it has been shown that when used alone in organotypic hippocampal-entorhinal cortex brain slices, little neuronal damage occurs, but when submaximal glutamate concentrations were added, neurotoxicity was considerably accelerated. [264] Neurotoxicity in the brain slices was blocked by using NMDA receptor blockers in this study, and when blocked, despite the continued high level of TNF-alpha, no significant neuronal destruction was seen. It was proposed that the toxicity of TNF-α was caused by the cytokine inhibiting glutamate reuptake, which has been demonstrated several times. [179, 264] Of interest, is the finding that the glutamate transporter EAAT1 also transports glutathione precursors into dopaminergic neurons, and that inhibiting this transporter dramatically and selectively increases the sensitivity of dopaminergic neurons to excitotoxic death by reducing intracellular glutathione levels as well as raising extraneuronal glutamate levels. [167] Glutathione is a major cellular antioxidant molecule, and when exposed to high levels of free radicals, glutathione becomes oxidized and must be converted to its reduced form to have antioxidant function. Low levels of cellular glutathione are associated with increased vulnerability of cells to oxidative stress. Glutathione is mainly generated within astrocytes and is transported to neurons.
Selective loss of dopaminergic neurons in the substantia nigra was demonstrated in animal models in which a selective blocker of glutamate transporters was used. [7] In this study, the authors found that excitotoxicity was significantly enhanced in the dopaminergic neurons selectively via NMDA receptors, and that raising glutathione levels using N-acetyl-L-cysteine was protective, again emphasizing a dual role of the EAAT glutamate transporter in both glutamate reuptake and transfer of glutathione precursors into the dopaminergic neuron.
TNF-alpha enhances excitotoxicity by trafficking specific excitatory receptors
Another mechanism by which TNF-α enhanced excitotoxicity is through its receptor, primarily TNFR1. [18] The main effect of TNF-alpha is on trafficking specialized calcium-permeable AMPA glutamate receptors. AMPA glutamate receptors are fast conducting glutamate receptors that normally, unlike NMDA receptors, are calcium impermeable. It is the GLuR2 subunit that normally blocks calcium permeability by the AMPA receptor. Under pathological conditions, GLuR2-lacking AMPA receptors are constructed by the neuron's endoplasmic reticulum and transported and inserted into the synaptic plate. Stimulation of the TNFR1 receptor by TNF-alpha is a major stimulus for trafficking calcium-permeable AMPA receptors to the synapse. These specialized, calcium-permeable receptors are more excitotoxic than the calcium impermeable AMPA receptors.
Interestingly, it has been demonstrated by this study that the effect of TNF-α was dose dependent, with low doses being neuroprotective against AMPA excitotoxicity (acting on the AMPA glutamate receptor) and higher doses of TNF-alpha triggering enhanced AMPA-induced neuronal death. It appears that low dose TNF-alpha acts via the TNFR-2 receptor (neuroprotective), and the high dose of TNF-alpha acts through TNFR-1, which increases trafficking of calcium-permeable AMPA receptors to the synapse, which enhances excitotoxicity.
Proinflammatory cytokine IL-1ß enhances excitotoxicity by increased trafficking of NMDA glutamate receptors
Gardoni et al. demonstrated significant crosstalk between IL-1ß receptors and NMDA receptors that could also lead to enhanced excitotoxicity. [84] Of interest, they also found that stimulation of the NMDA receptor increased the expression of IL-1ß receptors on the post-synaptic membrane, indicating a two-way interaction between excitotoxicity and inflammation. Increased neuron excitability occurs not only because of cytokine modification of voltage-gated or receptor-coupled ion channels but also by promoting presynaptic changes in neurotransmission. [81] IL-1ß application directly to neurons in the absence of microglia has little effect on neuron excitability. [81] In a mixed culture, containing microglia, the effect of IL-ß depends on the concentration. Low concentrations can decrease glutamate receptor activity and high concentrations enhance glutamate receptor activity. [45] The main influence of IL-1ß on neuronal excitability appears to be through the NMDA receptor, mainly by affecting its subunit composition. For example, a high dose of IL-1ß cause an upregulation of NR2B/A subunits that produced long-lasting alterations in subunit expression in NMDA receptors, thus increasing the excitability of affected neurons. [133, 239] 8. IL-1ß and TNF-alpha enhance excitotoxicity by endocytosis of GABA receptors, exocytosis of GluR2-Lacking AMPA receptors, and NMDA receptors
Another mechanism by which IL-1ß affects neuron excitability is by modulating GABA potential. GABA receptors modulate neuron excitability by downregulating synaptic excitation. Wang et al. demonstrated a dose dependent IL-1ß suppression of GABA function that increased neuron excitability. [245] A great number of studies have shown that elevation in TNF-alpha can produce neuronal excitability and enhance excitotoxicity. For example, using hippocampal slices and mixed cultures, researchers have shown that TNF-alpha enhances glutamate neurotransmission. [89, 227] Riazi et al. also demonstrated an increase in brain excitability in relation to increasing levels of TNF-alpha induced peripherally, primarily by TNF-alpha activating microglia. [206] Fast conduction in the CNS is mediated mostly by AMPA glutamate receptors. TNF-alpha has been shown to increase trafficking of internal AMPA receptors onto the synaptic surface, thus increasing sensitivity of the neuron to glutamate stimulation (synaptic scaling) [ Figure 5 ]. [229, 235] Of critical importance is the observation that it is GluR2-lacking AMPA receptors that make up most of the trafficked receptors during inflammation [147, 183] [ Figure 3 ]. GluR2-lacking AMPA receptors, unlike GluR2-containing AMPA receptors, are calcium permeable, thus magnifying their excitotoxic potential. [140] In addition, TNF-alpha increases endocytosis of GABA receptors, thus reducing inhibitory protection against excitotoxicity. [197, 220] Recent studies also indicate that higher levels of TNF-alpha, through a ceramide-dependent mechanism, increases the phosphorylation of the NR1 NMDA receptor subunit, thus increasing its surface insertion, which increases the neuron's sensitivity to glutamate. [248] Figure 4: Illustration of the neurotoxic factors released from an activated microglia, demonstrating the interaction of proinflammatory cytokines, prostaglandins and excitatory amino acids. Of particular importance is the effect on mitochondrial function, which when depressed enhances excitotoxic sensitivity as well as reactive oxygen species generation
. C y t o k i n e i n t e r a c t i o n r e q u i r e d f o r neurotoxicity>Role of nitr ic oxide in immunoexcitotoxicity
In teasing out the actual mechanism of inflammation-induced neurodegeneration, it has been shown that IL-1ß and TNF-alpha, when either is used alone, do not cause neuron toxicity no matter the concentration, but that when combined they cause marked neuronal injury. [51] In this study, proinflammatory cytokines were linked to excessive generation of NO and blocking NO reduced the toxic effect of IL1ß and TNF-alpha on neurons by approximately 45%. Of real interest is that blocking the NMDA receptor reduced toxicity of these cytokines when used in combination by 55%. Also, of interest is the fact that during excitotoxicity NO is markedly elevated as well as reactive oxygen and nitrogen species. [65, 258] It should also be appreciated that in this study only the NMDA receptor was blocked, leaving other glutamate receptors active. These unblocked glutamate receptors would include the AMPA/ Kainate receptors, GluR2-lacking AMPA receptors, and metabotropic receptors. These unblocked glutamate receptors could account for an even greater contribution to the excitotoxic arm of the immunoexcitotoxic process. Further evidence of this interaction between inflammation and excitotoxicity comes from a study that found that using subtoxic concentrations of rotenone with subtoxic concentrations of the immune stimulator LPS or proinflammatory cytokines induces full neurotoxicity. [82] Rotenone is known to induce excitotoxicity via NMDA receptor potentiation. [252] Two critical mechanisms in excitotoxicity include upregulation of iNOS/nNOS and NADPH oxidase, which together provide the substrates for formation of the powerful reactive nitrogen specie, peroxyitrite. [39] Peroxynitrite is formed rapidly when NO is in the presence of superoxide.
IL-6 proinflammatory cytokine's role in immunoexcitotoxicity
Glutamate receptors are classified as either iontropic or metabotropic. The ionotropic glutamate receptors are further divided into NMDA, AMPA, and Kainate type receptors, each with specific characteristics. In most areas of the brain, only the NMDA receptors are calcium permeable, but under certain conditions, both physiological and pathological, AMPA receptors can be calcium permeable (by lacking the GLuR2 subunit). Kainate receptors are generally classified along with AMPA receptors but also have unique characteristics. The metabotrophic receptors operate through membrane G-protein subunits and are classified within five subgroups (mGluR1-5), each with differing effects on glutamate neurotransmission, some enhancing excitotoxicity and others suppressing excitotoxicity.
Very little is known about the effect of cytokines on neuronal excitability, however, IL-6 has been shown to reduce group-II metabotropic glutamate receptors and L-type calcium channels. [236] In fact, IL-6 has been found in some studies to offer significant neuroprotection against calcium overload by reducing NMDA receptor activity. [149] This appears to be contradictory to the finding, that of all the cytokines, IL-6 alone was most closely associated with mortality in PD patients. [72] Baseline levels of IL-6 were higher in patients who died during the 4-year follow-up period and along with age, these represent two independent factors related to the risk of mortality in PD patients. There was no correlation with the other proinflammatory cytokines, even though they were elevated. While proinflammatory cytokines progressively increase within the striatum and substantia nigra in both animal models and human cases of Parkinson disease, there is a parallel fall in neurotrophins release (BDNF and NGF). [168] Chemokines are also linked to neuronal excitation. [170, 262] Prolonged exposure to chemokine CCL3 has been shown to elicit changes in NMDA-evoked calcium currents and increased the number of NMDA receptors on synaptic membranes in cultures. [129] As chemokines have as their main function the recruitment of immune cells to the CNS, the major effect is probably related to interactions of these recruited cells with the involved neural tissues.
How the immune system and glutamate receptors are linked in Parkinson's disease to produce cell death
With microglial activation, we see a simultaneous release of neurotoxic levels of both proinflammatory cytokines and excitatory amino acids, including glutamate, Figure 5 : Illustration of glutamatergic synapse demonstrating rapid AMPA receptor trafficking from the endoplasmic reticulum, which is driven by activation of TNFR1. Crosstalk between the AMPA receptor and TNFR1 increase synaptic insertion of GluR2-lacking (calcium permeable) AMPA receptors, thus increasing synaptic glutamate-related sensitivity (excitotoxicity). TNFR1 activation also increases GABA receptor endocytosis, which increases synaptic sensitivity to excitotoxicity even further aspartate, and quinolinic acid. [96, 120] Unfortunately, most of the published articles concerning Parkinson's disease link neurodegeneration only to inflammation, with all but a few even mentioning excitotoxicity. Based on a great deal of literature research, I have concluded that the two processes are inextricably linked and occur with microglial activation. There is growing evidence that the main destructive process is the excitotoxic process. As cited previously, there is a cyclic two-way stimulation between inflammation and excitotoxicity that progresses in many neurodegenerative disorders-that is, as excitotoxicity accelerates, inflammation also worsens. In addition, there are a number of conditions that modulate excitotoxicity that are to be considered, such a cellular energy supply, synergistically and additively interacting toxic molecules, effects of aging, status of the antioxidant network, effects of stress, and genetic factors.
B. Pathophysiology of immunoexcitotoxicity:
Triggering event>Activated microglia>Release of cytokines, glutamate, free radicals, nitric oxide>Increase in glutamate receptors on neuron>Inhibition of GABA inhibitor y receptors>Excitation of neuron to reach death>Mitochondrial dysfunction>Neuronal c e l l d e a t h > P r o g r e s s i v e n e u r o n a l degeneration>Clinical disease state
Immune-glutamatergic interaction is commonly referred to as crosstalk, which describes, in most cases, an interaction among shared cell signaling mechanisms. [24] Under normal conditions, cytokines are either undetectable or detectable only in very low concentrations in the central nervous system. [62] In such low concentrations, IL-1ß, IL-6, and TNF-alpha can all act as neurotropic hormones. Being that even very high levels of proinflammatory cytokines do not damage neurons except in the presence of microglia, it becomes evident that alone, proinflammatory cytokines have no direct deleterious effect on neurons in pure culture, rather require the presence of microglia in an activated state. The question to be answered is what is the actual destructive process that leads to neurodegeneration? As we have seen, generation of high levels of free radicals and lipid peroxidation products and NO from activated microglia are indeed destructive. Still, this does not answer our question, as both inflammation and excitotoxicity can generate the same destructive elements. In fact, clinical studies using powerful antioxidants have been rather disappointing, suggesting that much more is responsible for the progressive neurodegeneration than mere oxidative stress and lipid peroxidation. [247] Yawata et al. demonstrated that macrophages stimulated by LPS or TNF-alpha caused robust neurotoxicity that was completely prevented by blocking NMDA receptors. [256] NMDA receptor blocker MK-801 has also been shown to completely prevent neurotoxicity by immune stimulator LPS, thus making a compelling case for excitotoxicity as the main neurotoxic process in immunoexcitotoxicity. Similar protection from LPS-triggered neurodestruction was seen when glutamate release was prevented in microglia. [217, 223] Metabotropic glutamate receptors may also play a role in immunoexcitotoxicity. This has been shown by stimulating mGluR group II type metabotropic glutamate receptors, which induces microglial activation and neuron death. [229] This stimulation also triggered TNF-alpha release by the activated microglia. That excitotoxicity was the ultimate cause of neuron death, was further shown by stimulating mGluR groups III (an inhibitor of excitotoxicity), which rescued the neurons.
In another study, researchers found that inflammation alone did not produce neurodegeneration in the hippocampus, but when a glutamate receptor agonist, ibotenate, was added, extensive neurodegeneration and microglial activation occurred in the hippocampus in an in vivo rat model. [165] AMPA trafficking plays a critical role in learning and memory by changes in AMPA receptors (GluR2-lacking AMPA receptors) that make them calcium permeable thus altering calcium homeostasis, a process called synaptic scaling-that is, changes in synaptic excitability [235] [ Figure 3 ]. These calcium-permeable AMPA receptors also play a central role in neurodegeneration for the same reasons. [12, 188] Of critical importance was the finding that the effect of TNF-alpha on neuronal excitability was dose dependent [ Figure 6 ]. Low concentrations were neuroprotective by preferentially stimulating TNFR2 on neuron membranes, with higher concentrations inducing increased sensitivity to excitotoxins via TNFR1. [18] Stimulating TNFR1 stimulates increases trafficking of the calcium-permeable AMPA receptors (GluR2-lacking AMPA receptors) to the synaptic membrane, this enhancing excitotoxicity. Using a specific blocker of these calcium-permeable AMPA receptors (jaro spider toxin analog NASPM) researchers demonstrated that GluR2-lacking AMPA receptors are playing a major role in TNF-alpha-enhancement of excitotoxicity and that its effects on excitotoxicity occurs very rapidly. [140] In-vivo evidence relating trafficking of GluR2-lacking AMPA receptors to the area of injured neural structures has also been reported using a spinal cord contusion model. [77] CNS contusions rapidly activate microglia, leading to immunoexcitotoxicity. Also, of interest is the finding that vascular endothelial growth factor (VEGF) enhances the insertion of GluR2 subunits onto motor neurons (making the calcium impermeable), thus making them more resistant to excitotoxic death. [29] In essence, what this demonstrates is that trafficking of GluR2-lacking (calcium permeable) AMPA receptors plays a major role in inflammation-generated immunoexcitotoxicity.
We have seen that TNF-alpha enhances excitotoxicity by increased trafficking of NMDA receptors as well as special calcium-permeable AMPA receptors toward the synaptic membranes. Olmos and Liabo propose three interrelated vicious cycles to explain the interrelationship between neuroinflammation and excitotoxicity. [179] The first of these cycles depends on TNF-alpha stimulating its own release from activated microglia. At the same time, glutamate is also released in increasing concentrations, which acts on microglial metabotropic glutamate receptors that in turn stimulates a greater release of TNF-alpha. The second cycle occurs when TNF-alpha inhibits glutamate reuptake, mainly by astrocytes, thus raising glutamate levels even higher in the extraneuronal space [ Figure 4 ]. The third cycle involves all the mechanism by which TNF-alpha upsets the balance between excitotoxicity, including GABA inhibition of excitotoxicity by endocytosis of GABA A receptors. [197] As neurons and astrocytes begin to die off, they release a number of molecular substances that enhance excitotoxicity and promote microglial activation.
Bal-Price and Brown, using neuronal cultures and astrocyte/microglial cultures, demonstrated that neuronal death during inflammatory neurodegeneration was secondary to excitotoxicity and not due to inflammation, release of proteases, or peroxynitrite toxicity. [9] In the study, they found that blocking iNOS could prevent neuronal death, suggesting that nitric oxide was playing a dominate role. Blocking NMDA receptors using MK-801 also completely prevented cell death but only if done during the first 24 hours after exposure to the inflammagen. After that, only partial, but still significant, protection was afforded. Using nitric oxide donors reproduced the neurodegenerative features of inflammation activation of iNOS. It was proposed that the nitric oxide was triggering excessive glutamate release by inhibiting mitochondrial energy production. [139, 172] Neuronal energy suppression is known to also considerably enhance glutamate excitotoxic injury. [173] Further, nitric oxide in higher concentrations not only enhances glutamate release but also plays a major role in excitotoxicity itself by increasing the production of peroxynitrite, activation of ADP-ribose polymerase, and/or mitochondrial permeability transition. [41] The Bal-Price/Brown study established that, because of the rapidity of the nitric oxide effect, peroxynitrite could not have been the neurotoxic principle, rather it was secondary to excitotoxicity. They found that NO inhibited mitochondrial respiration within seconds and glutamate release within one minute.
The reason glutamate blockers offered only partial protection later in the course of inflammatory stimulation most likely was secondary to the near total collapse of mitochondrial function seen at that time point. That is, by 24 hours after inflammagen exposure, a time after which glutamate blocker protection switched from full protection to only partial protection, was also the point at which neuronal ATP was almost completely depleted. At the level of glutamate release, triggered by the inflammation-induced NO elevation, full excitotoxic neuronal death would be expected to occur. [186] In essence, when mitochondrial energy generation was only partially impaired, excitotoxicity was the major damaging process, however, with later total energy loss (mitochondrial collapse) necrotic death became the major death process.
PART II
E. Animal models of Parkinson's disease: A br ief review of and suppor t for the immunoexcitotoxicity hypothesis
Several animal models of Parkinson's disease have been designed. They include rotenone, MPTP, paraquat, 6-hydroxydopamine (6-0HDA), genetic, and immune-related models. [135, 194, 233] Genetic models will not be considered here as this paper is more concerned with sporadic Parkinson disease.
Many of these models do not reflect human cases of the disorder. [135] This is especially so for the toxic models. For example, neither the MPTP nor 6-hydroxydopamine models induced Lewy bodies. [259] In addition, most of these toxic models cause direct toxicity to dopamine neurons and do not produce chronic progressive neurodegeneration. Regardless, these models are included as they are used to produce disorders with features of Parkinson's disease. For a more in-depth review of these models see Bove et al. and Blesa and Przedborski. [25, 30] (MPTP) is a toxic analog of the narcotic meperidine, which in the early 1980s was found to produce an irreversible parkinsonian-like syndrome of rapid onset when used intravenously by drug users. One of its principle actions is to inhibit complex I of the electron transport chain. There is also evidence that MPTP (and its active component MPP+) activates microglia. [166] In general, the damage produced by MPTP is acute, however, there is some further progression of neurodegeneration later, even in human cases, and in all cases, the neuropathological damage perfectly resembles that seen in human cases of sporadic PD. [131] Postmortem examinations of the brains of humans exposed to MPTP demonstrated that activated microglia were present up to 16 years after exposure to the drug. [132] It was concluded that a progressive neurodegenerative process was occurring that involved microglial activation. [61, 132] It is also of interest that neither human autopsy studies or animal models using MPTP demonstrated Lewy bodies. [98, 132] Some have made the observation that, while fully formed Lewy bodies were not seen, definite inclusions of alpha-synuclein developed in the aged animals and occurred in the exact same locations as human cases of PD. [79] It is possible that Lewy bodies are limited to humans.
Earlier reports suggested that neuronal loss in MPTP was limited to dopaminergic neurons, however, more recent studies have found additional injury outside the nigrostriatal system, which also involved other neurotransmitters, primarily norepinephrine, and less so, serotonin releasing neurons. [193] While this model is widely accepted as a workable model for Parkinson disease research, it does not represent what we are seeing in human cases, unless one can show that most cases of spontaneous PD are related to a toxin that has characteristics like MPTP.
The other chemical toxin models have similar problems, such as the 6-hydroxydopamine (6-OHDA) models, the rotenone model, and the paraquat/maneb models. In the case of the 6-hydroxydopamine model, which is extensively used, major problems exist. For example, 6-OHDA does not pass the blood-brain barrier (BBB) and must be injected directly in the brain area or given intraventricularly to produce the lesion. [30] The lesions are produced rapidly when the agent is injected into the substantia nigra, usually within hours to a few days, and only produce progressive neurodegeneration when it is injected intrastriatal and then develop much faster than is seen clinically, usually within 1-3 weeks. In addition, the toxin affects both dopaminergic and noradrenergic neurons.
Rotenone, a commonly used pesticide, reproduces many features of human cases of PD, and in some cases, generates inclusions resembling Lewy bodies. [16] Two other herbicide/fungicides, paraquat and maneb, respectively, are also used to produce animal models of PD. Paraquat also produces Lewy-like bodies in degenerating neurons. [152] Combining the two, paraquat and maneb, increases the damaging effect on dopaminergic neurons and the striatum. [232] Another very interesting model uses a single MPTP intranasal instillation. [194] Prediger et al. have shown that this model more closely follows the progression and pathophysiology of human cases of Parkinson's disease, especially in its preclinical phases. [194, 195] This model demonstrated defects in olfactory, cognitive, and motor functions with accompanying glutamatergic excitotoxicity, mitochondrial dysfunction, and neuronal death in the olfactory bulb, striatum, and prefrontal cortex.
b. Immunological models of Parkinson's disease
Some of the early immunological models of PD included the use of the powerful immune stimulant LPS injected directly into the substantia nigra, which was shown to produce selective and irreversible damage to dopaminergic neurons, while sparing serotonergic neurons. [48] The problem with these models is that they produced acute damage, rather than chronic neurodegeneration.
Injecting LPS or TNF-alpha systemically (intraperitoneal) in mice produced a rapid elevation in brain TNF-alpha levels that remained elevated for 10 months, while peripheral TNF-alpha levels fell to baseline by 9 hours. [199] The systemic LPS activated microglia in the substantia nigra and elevated proinflammatory cytokines during the entire period. Progressive destruction of the DA neurons within the substantia nigra continued for 7 months. Mice lacking TNF-alpha receptors (TNF R1/ R2 (-/-) experienced none of these pathological events. Gao et al. demonstrated that a low dose intranigral infusion of LPS for 2 weeks could also produce a delayed, chronically progressive loss of DA neurons. [83] In this study, microglia were rapidly activated early in the infusion and plateaued at 2 weeks. Following activation of the microglia, they found a gradual neurodegeneration that began between 4 and 6 weeks, and by 10 weeks, 70% of DA neurons in the substantia nigra were lost. Regarding the mechanism of destruction, they found a number of factors released by the microglia, but attributed most of the damage to elevations in NADPH oxidase, a major source of superoxide. Activation of NADPH oxidase is also a major reaction involved in excitotoxicity. [128] Tanaka et al., using a cannula, injected LPS into both substantia nigra for 5 consecutive days and observed long-term activation of microglia in the SN. [226] Along with microglial activation, they observed a significant elevation in IL-1ß as well as elevations in the lipid peroxidation product 4-hydroxynonenal (4-HNE) and the powerful reactive nitrogen specie peroxynitrite. By 22 days following the last injection, they observed alpha-synuclein gene expression, and by 30 days DA neuronal death.
While these immunological models seemed to reproduce more closely what one would expect in human cases of Parkinson's disease, a newer model seemed to add significantly to our understanding of the pathophysiology of Parkinson's disease. This has been referred to as the two-hit model. It was known that mice genetically engineered to produce excess human mutant A53T alpha-synuclein (Tg mice) rarely develop signs of SN neurodegeneration, even though they developed widespread neurodegeneration throughout the CNS. [64, 86] Injecting the Tg mice with normal saline (NS) did not produce detectable neuron loss and injecting the wild-type (WT) mice systemically with LPS likewise produce no neuron loss. However, injecting the Tg mice systemically with LPS reproduced many of the features of Parkinson's disease including chronic progressive and relatively selective degeneration of dopaminergic neurons within the substantia nigra pars compacta and destruction of fibers of the nigrostriatal pathways. The process was chronically progressive with persistent inflammation and also produced Lewy bodies with aggregation of alpha-synuclein. In this model, degeneration began at 2.5 months and was significant at 5 months. In a previous study, also using systemic LPS, neuronal degeneration began 7 months following systemic LPS injection. [199] What this study demonstrated was that the presence of mutated alpha-synuclein within the brain alone was not sufficient to produce parkinsonian pathology and progressive neurodegeneration; however, systemic immune stimulation considerably accelerated the formation of insoluble nitrated alpha-synuclein aggregates within DA neurons. Interestingly, both the WT mice and the Tg mice reacted the same to systemic LPS stimulation, which implies that the magnification of the destructive process was localized within the brain itself and most likely was triggered by activated microglia. Continuous blocking of iNOS and NADPH oxidase prevented the neurodegeneration. Both of these enzymes are located within microglia.
As neurons begin to die they release a number of noxious compounds, including glutamate, which accelerates the neurodegenerative process and triggers further microglial activation. It is also known that DA neurons are uniquely sensitive to oxidative insults. [116] The substantia nigra has been shown to have the highest concentration of microglia in the brain, which may explain its unusual sensitivity to microglial activation-related neurodegeneration. [134] 
c. Critical importance of microglial priming
Mild-to-moderate stimulation of microglia is known to induce a phenotype that significantly upregulates a number of pro-and anti-inflammatory cytokines (predominately proinflammatory), chemokines, and glutamate generation from glutamine. [103] In this primed state, the microglia does not release these elements to any significant extent. Subsequent immune stimulation of these primed microglia will fully activate the microglia, resulting in an exaggerated release of its inflammatory/excitotoxic elements [ Figure 5 ]. The immunoexcitotoxic reaction elicited from primed microglia is dramatically greater than that from ordinarily activated microglia.
A number of clinical conditions are associated with microglial priming including brain ischemia, hypoxia, brain trauma, systemic infections, systemic inflammatory disorders (autoimmune disorders), stress, neurodegenerative diseases, surgical procedures (even minor procedures), and even aging itself. [78, 174, 175, 189, 198, 208, 210, 263] Of special importance is the observation that microglial priming occurs progressively with aging because most cases of Parkinson's occur in the elderly. [68, 174] In addition, by the time one reaches the extremes of life, they are more likely to have accumulated a number of neurological insults of varying severity-strokes, trauma, glial scars, and latent infections. The studies of Cunningham et al., using a prion mouse model, demonstrate that, in the face of an intracerebral inflammatory lesion, subsequent immune stimulation, either central or systemic, dramatically increased the level of neurological damage by the then fully activated microglia. [60] It was shown in this study that the prion infectious agent triggered microglial priming and the systemic immune stimulation with LPS then fully activated these hyperreactive microglia.
Infectious agents are not required for this two-hit process, as other CNS conditions have also demonstrated microglial priming enhanced neurological injury following systemic immune stimulation, even many years after the initial priming stimulus. [190, 219] It should also be appreciated that, in the real world, people are subjected to numerous systemic immune-stimulating episodes, which not only would include periodic acute infectious diseases but also systemic trauma, depression, exposure to particulate exhaust, exposure to agricultural and industrial chemicals, stress, endocrine diseases (diabetes, thyroiditis, etc.), exposure to toxic metals, and recurrent activation of latent viruses, such as herpes simplex virus and cytomegalovirus. Increasingly, Lyme borreliosis is becoming a significant cause for chronic systemic and neuroinflammation. [202] One of the more common disorders associated with microglial priming/activation is diabetes. For example, studies have shown that hyperglycemia is associated with a significant worsening of LPS-induced microglial inflammation. [261] Other studies have confirmed that hyperglycemia is associated with microglial activation in vivo in rats. [169, 204] 
d. Role of inflammation in excitotoxicity
Inflammation, as we have seen, significantly enhances the insertion of GluR2-lacking, calcium permeable AMPA receptors into the synaptic membrane, which significantly enhances excitotoxicity. Combined with the enhancement of excitotoxicity by TNF-alpha and IL1ß through inhibition of the glutamate transport proteins, enhancement of glutaminase, suppression of glutamate dehydrogenase, and glutamine synthetase, one can appreciate the significant link between inflammation and excitotoxicity. [42] Glutaminase, found in high concentrations in astrocytes and microglia, catalyzes the conversion of glutamine to glutamate and when enhanced can magnify excitotoxicity by raising extraneuronal glutamate levels. [106] Glutamine synthetase is an enzyme that catalyzes the conversion of glutamate to glutamine, thereby reducing the risk of excitotoxicity. Glutamate dehydrogenase in a two-way reaction interconverts glutamate and alpha-ketogluterate, which also is protective when glutamate levels are elevated. Both of these enzymes are redox sensitive and under inflammatory conditions are impaired (particularly in the presence of free iron), thus interfering with glutamate homeostasis. [6, 141] Also at play is the cysteine-glutamate antiporter (system X c -), which exchanges extracellular cystine for intracellular glutamate, which under pathological conditions can raise extraneuronal glutamate levels and induce excitotoxicity. [37] Normally, this exchange system is essential for generating astrocytic glutathione from cystine, which when assembled, is then transferred to the neuron.
e. Role of alpha-synuclein
Alpha-synuclein is normally secreted by neurons in small amounts but is also released by dying neurons in larger concentrations and has been detected in the CSF of Parkinson's disease patients. [137, 151] Normal function of alpha-synuclein is not fully understood but is known to be important for folding and refolding synaptic proteins, thus protecting nerve terminals against injury. [50] When oxidized or nitrated, alpha-synuclein develops enhanced immune characteristics. [14, 222] Mutant forms of alpha-synuclein also significantly increased the proinflammatory response and triggered the release of nitric oxide and proinflammatory cytokines from microglia. [4] Gu et al., using transgenic mice secreting A53T mutant alpha-synuclein, found that accumulation within the astrocytes impaired glutamate transport, thus triggering excitotoxicity and microglial activation, which further enhanced the destruction of DA neurons in the midbrain, brainstem, and spinal cord. [95] Others have found mutant alpha-synuclein to be a potent activator of astrocytes with a dramatic increase in IL-6 and ICAM-1 secretion. [126] In addition, inflammatory cytokines, such as IL-1ß, promotes the upregulation of alpha-synuclein, which would increase the accumulation of oxidized and nitrosated alpha-synuclein. [93] f. Alpha-synuclein and microglial activation
Couch et al. compared the immune reaction to intranigral injections of alpha-synuclein and LPS, and found that, while the immune reaction to alpha-synuclein was significant, it was overall considerably weaker than with LPS. [58] In comparison, 24 hours after injection of the substantia nigra with alpha-synuclein, TNF-alpha gene activation was increased two-fold and IL-1ß was increased five-fold, whereas after the direct intranigral LPS injection TNF-alpha, gene expression increased 77-fold and IL-1ß increased 1200-fold. In their cell culture study, Couch et al. found that more TNF-alpha was released by microglia when exposed to alpha-synuclein than LPS, signifying a difference when using in-vivo models. Microglial activation was markedly increased with both substances.
In a second part of the study, they found that systemic immune stimulation with LPS dramatically enhanced the inflammatory response of the intranigral alpha-synuclein injection, almost to the levels seen with direct LPS injection of the SN, again demonstrating a two-hit process. It was concluded that the intranigral alpha-synuclein was acting as a microglial priming agent, and systemic immune stimulation by the LPS converted the primed microglia into fully, but hyperactive, microglial phenotype. It is important to note that direct injection of alpha-synuclein into the SN did not lead to significant neuron death as was seen with direct injection of the LPS, but did result in significant neuron death following systemic LPS immune stimulation. This two-hit phenomenon has been confirmed by several others independently. [55, 156, 214] 
g. Alpha-synuclein and excitotoxicity
There also is a strong link to excitotoxicity. Yang et al. found that overexpression of alpha-synuclein simultaneously increased phosphorylation of the NMDA receptor, thus increasing the NR1 and NR2B subunits, which enhanced this glutamate receptor's sensitivity to glutamate. [255] Another study found that oligomers of alpha-synuclein were particularly toxic to DA neurons and that these oligomers rapidly enhanced synaptic transmission via AMPA type glutamate receptors, which would significantly enhance excitotoxicity. [107] F. Mutated alpha-synuclein and its role in immunoexcitotoxicity: Role of mitochondria in excitotoxicity
In essence, normally alpha-synuclein plays a role in protecting the synapse and neuron, but when present in excess or especially when mutated or oxidized/nitrated, it becomes inflammatory and can prime the surrounding microglia. With activation of the peripheral immune system, especially if intense or repetitive, the immune reaction inside the brain becomes dramatically enhanced through a hyperreactive activation of the previously primed microglia. Once in this destructive phenotype, iNOS and nNOS systems are upregulated, resulting in high levels of extraneuronal nitric oxide. NO suppresses mitochondrial function, thus lowering neuronal energy production, which magnifies sensitivity of the neuron and its synapse to excitotoxicity. [172] NO also stimulates the release of glutamate from microglia and astrocytes, again triggering excitotoxicity. [117] At the same time, NADPH oxidase, mainly within activated microglia, is upregulated and generates high levels of superoxide and hydrogen peroxide. Superoxide and NO react rapidly to produce the powerful reactive nitrogen specie peroxynitrite, which further damages the mitochondria as well as other neuronal structures. The reactive microglia also release an assortment of proinflammatory cytokines, chemokines, and interferons, which further stimulate excitotoxicity. Elevated extraneuronal glutamate levels suppress the normal exchange of cystine for glutamate, resulting in a fall in intraneuronal glutathione (GSH).
a. Alpha-synuclein and cognition
Despite these findings, there is some evidence that alpha-synuclein aggregations have a lesser role in the pathology, and especially, the clinical manifestations of Parkinson's disease. For instance, Burke et al. argued that a number of elderly without neurological disease are found to have extensive synucleinopathy ranging up to Braak stages 4 to 6. [43] In addition, they add, there is no correlation between the Braak stage and the clinical severity of the disease-that is, there is no correlation with a measure of the density and extensive presence of Lewy bodies throughout the CNS. In other word, there are a number of cases in which Lewy bodies are incidental inclusions. Others have argued that the lack of correlation is based on the fact that, as the neurons are destroyed, the released Lewy bodies are removed by phagocytosis. [91] Others have found that individuals can demonstrate significant cognitive disturbance with no or minimal cortical Lewy bodies, and conversely, widespread cortical Lewy body pathology can occur without significant cognitive decline. [56, 88] Parkkinen et al. examined from a very large autopsy series (n = 1720) a cohort of 226 alpha-synuclein positive individuals, and found that almost half with extensive alpha-synuclein aggregates in the dorsal motor nucleus of the vagus, substantia nigra, and basal forebrain were completely free of extrapyramidal or cognitive symptoms. [185] There are a number of possible explanations for this discrepancy, the main one being that the intensity of the microglial reaction depends on the intensity and frequency of systemic inflammation. It could also depend on the strength of the person's antioxidant network, detoxification systems, and mitochondrial health. [63] b. Mitochondrial dysfunction and excitotoxicity: Complex I
The electron transport system in mitochondria operates through three enzyme complexes. Complex I is the entry point for electron transfer energy production. Earlier studies in untreated Parkinson's disease patients have frequently been shown to have decreased activity of complex I their platelets. [87, 212] A more recent study found no inhibition of mitochondrial function in the platelets of Parkinson patients, but did find inhibition of complex I of the electron transport chain in persons exposed to a certain class of pesticides. [38] Some earlier studies also failed to find defects in respiratory chain function in Parkinson patients, and attributed earlier observations to the difficulty in measuring enzyme function in cells with known low mitochondrial function, such as blood cells. [153] Mitochondrial dysfunction is known to occur within neurons of the striatum. [27] The mechanism involved in mitochondrial impairment in neurons involves to a large degree the upregulation of microglial and astrocytic iNOS with resulting elevated levels of NO [ Figure 6 ]. NO inhibits mitochondrial respiration in neuronal synaptosomes even in nanomolar concentrations by inhibiting cytochrome c oxidase. [40] Another mechanism for mitochondrial inhibition is by the formation of peroxynitrite from its reaction with superoxide, also generated from microglia. [47, 201] c. Mitochondrial dysfunction and excitotoxicity As described previously, mitochondrial energy suppression markedly increases excitotoxicity by increasing the sensitivity of glutamate receptors. [10, 90, 111, 173] In addition, impairment of intracellular calcium buffering occurs when mitochondria are dysfunctional. [196] Endoplasmic reticulum stress, which occurs with inflammation and excitotoxicity, also impairs intracellular buffering, thus triggering deadly excitotoxic cascades.
Inflammation is also known to injure mitochondria. [59] Significant mitochondrial damage and subsequent degeneration of the nigrostriatal pathway was demonstrated by injecting LPS into the striatum of rats. [109] Excitotoxicity is also associated with mitochondrial dysfunction, and it has been shown using an animal model of excitotoxin-induced spinal cord paralysis in rats that supplying energy substrates, such as pyruvate, could completely prevent the paralysis. [209] From these observations, it is apparent that neuronal damage associated with both immune and excitotoxic (immunoexcitotoxicity) processes is significantly worsened in the face of mitochondrial energy deficits.
G. Two major pathways for systemic inflammation in Parkinson's disease: Triggering event pathways a. The olfactory tract as an entry point for CNS microglial stimulation
The olfactory nerves are first order neurons, meaning they project their axons directly to the brain without intervening synapses, which allows toxic substances to by-pass the BBB. [71] The link between Parkinson's disease with olfactory dysfunction is strengthened by a number of clinical studies. [97, 192, 250] Clinically, it is known that 85% of PD patients show a loss of olfactory function and that it manifests before clinical signs of PD appear. [17, 221] By age 80, approximately 75% of normal aged individuals will suffer some impairment of olfaction, but a majority of these Parkinson's patients are younger.
Using 8-month-old C57/B6 mice, unilateral (right-sided) intranasal instillation using a low dose of LPS (10 µg) was given every other day for 5 months. A number of features that closely resembled behavioral and neuropathological parkinsonism were found in the animals. [102] The test animals displayed progressive hypokinesia, chronic progressive bradykinesia, selective DA neuron loss in the striatum, accumulation of alpha-synuclein aggregates in the substantia nigra, and microglial activation. At 5 months after the instillation of the LPS, they found a progressive loss of tyrosine hydroxylase-immunoreactive neurons in the right substantia nigra, the same side showing the motor disability. As was shown in other studies using immune-based models, the DA neurons in the ventral tegmental nucleus, which is close to the substantia nigra, were spared.
The olfactory bulb contains large populations of dopaminergic neurons. With LPS intranasal instillation, a loss of the neurons and a reduced thickness of the olfactory bulb was seen. Within the substantia nigra when exposed to the LPS via the olfactory tract, they observed Lewy body-like alpha-synuclein aggregations. Using various markers, the researchers demonstrated marked microglia activation in the affected SN nucleus. Levels of TNF-alpha and IL-1ß were also elevated within the nucleus. Microglial activation was also seen in the olfactory bulb. Intranasal instillation of LPS had no effect on systemic immune activation. Dopaminergic neurons show a special sensitivity to inflammation, excitotoxicity, and oxidative stress not seen in neurons in the hippocampus or cortex. [27] People are frequently exposed to fine particles of substances (<2.5 µM) suspended in the air, which can originate from a number of sources, including oil refineries, metal processing facilities, automotive emissions, power plants, and wild fires. [44] These particles have been shown to be composed of both organic and inorganic compounds, such as sulfates, nitrates, carbon, and ammonium, and various toxic metals, including mercury, cadmium, lead, tin, aluminum, and fluoride. Of particular importance, it has been shown that humans are frequently exposed to LPS suspended in the air as fine particles as part of house dust and dust from biosolids-a treated sewage sludge used for landscaping that contains a considerable amount of organic material, including bacterial components. [234] These biosolids, which have been shown to contain components of gram-negative bacteria (the source of LPS), are used not only in agriculture but also for landfills around parks and children's play areas. [155] When carried in the wind and inhaled they potentially can trigger the same immune reactions along the olfactory tact as seen in this study.
b. The gastrointestinal tract as an entry point for CNS microglial stimulation: Evidence for a spreading inflammatory disorder in response to environmental toxins through the GI autonomic nervous system pathways to the brain
One of the consistent observations has been the presence of widespread Parkinson disease-related lesions throughout the nervous system, including autonomic nuclei of the spinal cord, brainstem, olfactory nerves, sympathetic ganglion, cardiac and pelvic parasympathetic plexuses and vagus nerve, adrenal medulla, salivary glands, and even the skin. [26, 242, 243] Consistent with this finding are the non-CNS symptoms and signs that often occur prior to the onset of typical Parkinson's symptoms. These symptoms include drooling, dysphagia, nausea, delayed gastric emptying, abdominal distention, and chronic constipation. [119] In fact, chronic constipation can occur years or even decades before the onset of PD motor symptoms. [191] Oinas et al., in a study of 302 patients aged 85 years or older, found alpha-synuclein aggregates, some as mini-aggregates, and some as mature Lewy bodies and Lewy neurites, in 44% and 34% of the individuals, respectively. [178] Of patients with moderate-to-severe thoracic spinal cord alpha-synuclein pathology, 60% had diffuse Lewy body pathology in the brain as well. This finding increased to 89% in those with moderate or severe sacral alpha-synuclein pathology, demonstrating that spinal cord and autonomic pathology reflects CNS pathology in regard to alpha-synuclein aggregates.
Based on the examination of a great number of brains from Parkinson's patients, Braak et al. concluded that Parkinson's appears to be an ascending neuropathological disorder, in which alpha-synuclein immunopositive Lewy bodies and Lewy neurites begin to develop first in the gastrointestinal systems and then ascend through the vagus nerves and other autonomic nerves and ganglion into the dorsal motor nucleus of the vagus and glossopharyngeal nerves. [32, 33] Simultaneously, Lewy bodies and neurites also appear in the olfactory tract and anterior olfactory nucleus. As the disease progresses cortical involvement ensues, beginning in the anteriomedial temporal mesocortex and progressing into the neocortex, high order association sensory cortex, and prefrontal areas.
It is during the preclinical stages that one sees involvement isolated mostly in the enteric system. Shannon et al. examined colon biopsy samples taken previously from Parkinson's patients before their symptoms appeared. [215] They found alpha-synuclein inclusion in all of the samples taken from 2 years to as long as 5 years before Parkinsonian symptom onset. Examination of 23 healthy controls found no such lesions. In a follow-up study, they performed colon biopsies on 10 untreated Parkinson's patients and 23 healthy controls and 23 patients with inflammatory bowel disease. [216] It is of interest that they found alpha-synuclein in all the colonic biopsies of Parkinson's patients but in none of the healthy controls or those with inflammatory bowel disease. With 3-nitrotyrosine being present in the biopsies of all three groups and inflammation in the inflammatory bowel disease group, they concluded that the presence of alpha-synuclein inclusion within the nerve fibers of the colonic submucosa was not related to either inflammation or oxidative stress. More recently, others have questioned the reliability of using alpha-synuclein in the colon as a biomarker for Parkinson's disease. [238] Using a genetic model of Parkinson disease, researchers demonstrated that enteric symptoms and alpha-synuclein deposits within the ganglion of the enteric nervous system occurred before neurological symptoms. [130] To further elucidate the mechanism by which alpha-synuclein aggregation was being triggered within the neurons in the submucosa of the colon, Forsyth et al. not only used intestinal biopsies but also tested for intestinal hyperpermeability (leaky gut) in newly diagnosed cases of Parkinson's disease. [80] They found that Parkinson patients have significantly greater intestinal permeability than controls and also increased staining for E. coli, nitrotyrosine, and alpha-synuclein within the intestinal mucosa. The patients also had decrease serum staining for LPS binding protein (LBP), which indicates that LPS from the cell wall of the E. coli that had entered the blood stream from the breached intestinal barrier may have been reduce in concentration by the liver. This observation indicates that the primary immune reaction was taking place in the wall of the colon and that microglial activation in the brainstem (principally in the DMN of the vagus) was being signaled through the vagus nerve.
One must wonder why there is not a strong link between inflammatory bowel disease and Parkinson disease risk. The differences between inflammatory bowel disease and what was seen in Parkinson disease cases may be a difference in E. coli translocation and in probiotic diversity and concentrations. [13, 54, 94] E. coli contains within its cell wall the powerful immune stimulant LPS. Of note is a study using an ulcerative colitis rat model in which researchers found elevated levels of proinflammatory cytokines, including IL-1ß, IL-6, and ICAM-1, as well an upregulation of iNOS within the animal's substantia nigra. [237] There is some evidence that the microbiota species can affect Parkinson disease symptoms. For example, Scheperjans et al. in examining the microbiota of 72 PD patients versus 72 healthy controls found that the Parkinson patients had a 77.6% reduced abundance of Prevotellaceae bacterial family compared with controls. In addition, Parkinson patients with a greater abundance of Enterobacteriaceae had greater postural instability and gait difficulty as opposed to Parkinson patients with tremor-dominant form of Parkinson disease. [213] Tan et al. found a high incidence of small intestine bacterial overgrowth (SIBO) in Parkinson's disease patients. [225] A quarter of 103 Parkinson patients examined had SIBO, which was independently associated with worse motor symptoms. Helicobacter pylori infection was also found to be associated with worse severity of Parkinson's disease. [224] These observations support the idea that systemic inflammation, in particular gastrointestinal inflammation, is linked to the pathological process within the CNS in Parkinson's disease.
Kelly et al. developed a Parkinson's mouse model in which they exposed mice to either a low dose of LPS or saline systemically and were sacrificed at monthly intervals over a 5-month period. [122] The LPS exposure caused an immediate and progressive increase in alpha-synuclein expression in the large intestine but not the small intestine. They also observed an increase in alpha-synuclein in a subset of myenteric neurons in the colon. There was also an abrupt increase in alpha-synuclein in the brainstem, but there was no evidence of nigrostriatal degeneration. This observation could represent the early preclinical stages of Parkinson's disease. From this study, it was concluded that a low dose exposure to LPS could induce the gastrointestinal alpha-synuclein pathology in the myenteric neurons and leaky gut without producing obvious brain pathology characteristic of Parkinson's disease.
The gradual increase in large intestine permeability seen in this study appeared secondary to the abrupt increases in myenteric alpha-synuclein, suggesting that this pathological process precedes the colon's hyperpermeability (leaky gut).
There is also evidence that dopaminergic nigrostriatal neurodegeneration can increase intestinal inflammation, oxidative stress, and enhance the motility of the intestine. [187] These events would indicate that induction of inflammation between the brain and gut is a two-way connection, most likely via the vagus nerve. [92] They did observe infiltration of mast cells and eosinophils into the submucosa and glial activation within the myenteric ganglia. It is known that the dorsal motor nucleus of the vagus, one of the first areas involved in PD, can induce inflammation in the GI tract. [154] c. Evidence for stages of progression Braak et al. in 1996 hypothesized a morphological staging system based on progressive pathological involvement beginning in the brainstem and eventually extending through the higher brain centers. [31] They outlined a series of six stages of progression with the first two stages being preclinical. [34] During the presymptomatic stages 1-2, the inclusion pathology was confined to the medulla oblongata/pontine tegmentum and olfactory bulb/anterior olfactory nucleus. There appears to be some extension of the pathology to the caudal raphe nuclei and gigantocellular portions of the adjacent reticular formations as well as locus coeruleus. During stages 3-4, severe pathological changes are seen in the locus coerulus and central nucleus of the amygdala, tegmental pedunculopontine nucleus, and cholinergic nuclei of the basal forebrain, including Meynart's nucleus. In stage 3, extensive Lewy bodies are seen in the substantia nigra pars compacta but without neuronal loss, which then occurs in stage four. Stages 5-6 represent the end stages where the pathology invades the temporal neocortex, limbic regions, and prefrontal cortex and is associated with varying degrees of dementia. [36] Braak et al. also hypothesized that some unknown pathogen was able to pass from neuron to neuron, and because each of the areas involved in PD are intimately interconnected, the pathogen would be able to easily spread along these pathways. [35] No such pathogen has been discovered. It has been shown that alpha-synuclein can pass between neurons and some have proposed this passage as a mechanism of the progression and spread of pathological alpha-synuclein aggregates in Parkinson's disease. [1] A more likely explanation would be the progressive activation of microglia, especially if these microglia had been previously primed. It is known that microglia can travel throughout the brain once they are activated. [74, 177] More recently, the Braak system of orderly progression of pathogenic alpha-synuclein from enteric nervous system to brainstem and higher cortical areas has been challenged. These studies suggest that alpha-synuclein aggregations occur simultaneously across multiple regions of the central and peripheral nervous system, arguing against a caudal-rostral progression. [67] Some studies have shown that incidental alpha-synuclein pathology may affect solely the locus coeruleus and substantia nigra without affecting the medullary nuclei. [8, 113] Kalaitzkis et al. examined 71 cases of PD from the UK Parkinson's Disease Society Tissue Bank at the Imperial College in London and found that, while 53% of cases did follow the Braak caudal-rostral staging, 47% of the cases did not and in 7% the dorsal motor nucleus of the vagus (DMV) was not involved at all. [121] In the study, 100% of cases had severe involvement of the substantia nigra and 98.5% had involvement of the nucleus basalis of Meynert.
Jellinger examined the brains of 53 cases of PD and found that all had extensive Lewy body pathology and neuronal loss in the substantia nigra, medullary and pontine nuclei, and locus coeruleus. [112] Additional lesions were also found in 24% of amygdala, 58% of allocortex, 34% of cingulate area, and 26.5% of isocortex. All of these cases were within stages 4-6 of the Braak staging system. The largest autopsy series, involving 1720 people over 40 years of age at death, found 14% had alpha-synuclein lesions, with 83% of these having a distribution pattern that followed the Braak staging system. Of these, 55% having widespread alpha-synuclein pathology (Braak stages 5-6) lacked clinical signs of dementia or extrapyramidal signs or symptoms. [185] The earliest pathological lesions in several studies were found in the spinal cord, DMV, olfactory bulb, and basal forebrain nuclei, but did not always indicate progression to clinical PD. [127, 184] In the Parkkinen et al., study of 106 autopsy cases having alpha-synuclein positive brains, only 30% were diagnosed with a neurodegenerative disorder, indicating that alpha-synuclein pathology by itself (even when substantial) was not a marker for clinical disease. [27, 184] As mentioned previously, Burke et al. found no correlation between Braak stage and the clinical severity of Parkinson's disease, and they argued further that many asymptomatic individuals have brain synucleinopathies ranging up to Braak stages 4-6. [43] This is compatible with the findings in wild-type Tg transgenic mice expressing excessive wild type alpha-synuclein, in which their brains have abundant alpha-synuclein production but no neuronal degeneration or neurological impairment, and only develop neurodegeneration when they undergo systemic immune stimulation with lipopolysaccharide (LPS). [86] The mystery as to why some human case of PD follow closely the caudal-rostral Braak staging system and others do not may depend on the source of the immune stimulation triggering the microglial activation. Cases with primarily intracerebral immune activations, as with latent viruses, exposure to pesticides/herbicides, certain autoimmune disorders, and exposure to MPTP, might have direct activation of microglia within the nuclei above the level of the lower brainstem nuclei (DMV, LC nuclei) first or even exclusively. It is also possible that cases having the main entry point of immune stimulation via the olfactory system would show a different pattern of neurodegeneration and alpha-synuclein deposition than cases in which the gastrointestinal system was the main entry point of the inflammaogen.
It has been estimated that only 50% of neurons need be intact in the striatal innervation pathways for normal function of motor control. [19] While some have tried to explain the large number of elderly having significant concentrations of alpha-synuclein lesions without having neurological symptoms by claiming a very prolonged preclinical phase (up to 20 years), in a number of these series the elderly patients were at the extremes of life and still neurologically intact. [218] This could mean that they never reached the threshold of losing more than 50% of the striatal inputs, that is, the disease in these individuals may progress so slow that they die before symptoms develop. Again, there appears to be no correlation between Lewy body density and clinical symptoms or disease duration. [88] CONCLUSIONS Considerable evidence suggests a link between Parkinson's disease and chronic inflammation. The immediate source of this inflammation within the affected brain areas involves mostly microglia with some involvement of astrocytes, macrophages, mast cells, and T-lymphocytes, as well as inflammatory mediators, such as cytokines, chemokines, and interferons. Most of the studies and discussions of studies have concluded that the neurodegeneration associated with this inflammation is secondary to activated cellular mechanisms involved in inflammatory cell signaling, including lipid peroxidation, reactive oxygen and reactive nitrogen species, proinflammatory prostaglandins, proteases, and nitric oxide. It has been shown that alpha-synuclein in a glial free culture produces no neuron loss-microglia are necessary for neurodegeneration. [180, 260] Several studies have shown that alone, inflammatory cytokines, such as TNF-alpha, are unable to kill neurons, and that in most cases, especially during the initial stages, cell death is triggered by excitotoxicity. That is, the inflammatory link to neuronal death is through excitotoxicity. I think that immunoexcitotoxicity is descriptive of this disease process and can fully explain all aspect of clinical Parkinson's disease.
Inflammation triggers and enhances excitotoxicity by a number of mechanisms, including trafficking of calcium-permeable AMPA receptors to the synaptic membrane, endocytosis of GABA receptors, free radical and lipid peroxidation product inhibition of glutamate transporters, oxidative inactivation of glutamine synthetase and glutamic acid decarboxylase, cytokine enhancement of glutaminase enzyme activity, and effects on NMDA glutamate receptor subtypes and trafficking.
One of the early observations concerning Parkinson's disease was an impairment in mitochondrial function, which affected not only dopaminergic neurons in the substantia nigra but also systemic cells, such as platelets. [20] A more recent study found no inhibition of mitochondrial function in the platelets of PD patients but did find inhibition of complex I of the electron transport chain in persons exposed to a certain class of pesticides. [38] The major factors leading to mitochondrial dysfunction within affected neurons included direct inhibition of complex I by nitric oxide and mitochondrial damage by peroxynitrite generated from an interaction between mitochondrial produced superoxide and up-regulation of inducible nitric oxide synthetase (iNOS). LPS can suppress mitochondrial function by increasing levels of nitric oxide. [109] The importance of mitochondrial dysfunction in Parkinson disease is that it considerably enhances excitotoxicity by a number of mechanisms, meaning that under such conditions of low energy supply, even low concentrations of extraneuronal glutamate can become excitotoxic.
Also to be considered in evaluating risk is the observation that early exposure in life to immune insults, either in utero or soon after birth, can increase sensitivity to substantia nigral neurotoxic agents later in life. [46] In addition, these early life exposures to immune activation have been shown to reduce the number of DA neurons in the substantia nigra, thus reducing the number of neurons supporting motor function. [146] They also observed a progressive additional loss of these neurons as the animals age. Importantly, they observed a life-long elevation in proinflammatory cytokines in the striatum.
Ling et al. demonstrated that exposing animals prenatally to LPS reduced the number of dopamine neurons in the substantia nigra, and that exposing these animals later in life to subtoxic doses of rotenone led to a significant loss of DA neurons. [145] Translated to real life situations, it could mean that those exposed to early life inflammatory conditions would be much more susceptible to certain environmental toxic substances later in life-most likely because of having fewer surviving substantia nigra cells at that stage of life. This finding would help explain why some individuals are more prone to develop Parkinson's disease as they age than are others.
The future treatment of Parkinson's, and more importantly, prevention, may depend on utilizing compounds that suppress neurodegenerative immunity, and more importantly, excitotoxicity. Because of the complexity of the immunoexcitotoxic process, a number of possibilities now exist in attaining this goal.
